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Abstract 
Promoting axon regeneration in the central and peripheral nervous system is of clinical importance in 
neural injury and neurodegenerative diseases. Both pro- and anti-regeneration factors are being identified. 
We previously reported that the Rtca mediated RNA repair/splicing pathway restricts axon regeneration by 
inhibiting the nonconventional splicing of Xbp1 mRNA under cellular stress. Here, we describe the 
application of a computational screening pipeline used to identify small-molecule inhibitors of Rtca and a 
paradigm to test for efficacy. However, the downstream effectors of Rtca remain unknown. Through 
transcriptome profiling, we show that the tubulin polymerization promoting protein (TPPP) – ringmaker/
ringer is dramatically increased in Rtca deficient Drosophila sensory neurons, which is dependent on 
Xbp1. Ringer is expressed in sensory neurons before and after injury, and is cell-autonomously required 
for axon regeneration. While loss of ringer abolishes the regeneration enhancement in Rtca mutants, its 
overexpression is sufficient to promote regeneration both in the peripheral and central nervous system. 
Ringer maintains microtubule stability/dynamics with the microtubule-associated protein – futsch/
MAP1B, which is also required for axon regeneration. Furthermore, ringer lies downstream of and is 
negatively regulated by the microtubule-associated deacetylase – HDAC6, which functions as a 
regeneration inhibitor. Taken together, our findings suggest that ringer acts as a hub for microtubule 
regulators that relays cellular status information, such as cellular stress, to the integrity of microtubules in 




Doctor of Philosophy (PhD) 
Graduate Group 




axon regeneration, cellular stress, microtubules, neurodegeneration, neuron, splicing/repair 
Subject Categories 
Cell Biology | Molecular Biology 
This dissertation is available at ScholarlyCommons: https://repository.upenn.edu/edissertations/4086 
	  
	  
THE MICROTUBULE REGULATOR RINGMAKER FUNCTIONS DOWNSTREAM OF 
RTCA AND THE RNA REPAIR/SPLICING PATHWAY TO PROMOTE AXON 
REGENERATION 
Ernest John Monahan Vargas 
A DISSERTATION 
in 
Cell and Molecular Biology 
Presented to the Faculties of the University of Pennsylvania 
in 
Partial Fulfillment of the Requirements for the 
Degree of Doctor of Philosophy 
2020 
Supervisor of Dissertation      
_____________________      
Yuanquan Song, PhD 
Assistant Professor of Pathology and Laboratory Medicine 
 
Graduate Group Chairperson 
_____________________ 
Daniel Kessler, PhD 
Professor of Cell & Developmental Biology 
 
Dissertation Committee 
Michael Granato, PhD Professor of Cell & Developmental Biology 
Naiara Aquizu Lopes, PhD Assistant Professor of Pathology and Laboratory Medicine 
John Karanicolas, PhD Professor Fox Chase Cancer Center 
Sandy Maday, PhD  Assistant Professor of Neuroscience 
ii	  





I would like to thank my colleagues for their collaboration on this project: 
Drs. Yuh Nung Jan, Calvin Jan, David Gorzyca, Tina Han, Jonathan Weissman, 
and Swati Banerjee; and Michael Cory. My colleagues in the Song laboratory: 
Drs. Feng Li, Dan Li, Qin Wang; and Tsz Lo, Leanne Miles and Pavi Guttipatti. 
And friends Sara Borst, Siddhartha Kishore, Christopher Greer, Adrian Rivera 
Reyes, Martin Iwanicki, Jose Gorbea, Vanessa Fleites and Claudia Lopez 
Lloreda, their discussions and contributions are too many to list. To my 
colleagues Jingyun Qiu and Dr. Andrew Matamoros, it has been a pleasure to 
create knowledge with you all. I am thankful, for your belief and commitment to a 
project that I was only able to dream about.  
To my mentors, Drs. Steve DiNardo, Autumn Fiester, Ezekiel Emmanuel, 
John Karanicolas, Sandy Maday, Michael Granato, and Naiara Aquizu. Thank 
you for your support and intellectual contributions. You have all inspired me in 
some form- throughout this journey and pursuit of truth. Thank you for your 
wisdom. To the chairs of the programs that I am a part of: Drs. Jon Epstein, Kelly 
Jordan-Sciutto, Dan Kessler and Mary Mullins. Thank you for listening and 
caring. I am grateful for your effort to know me as a person and not just as a 
student/scientist. And to Drs. Raquel Castellanos and Arnaldo Diaz, thank you for 
your encouragement, advice and time. Thank you for never doubting my 
potential. I would like to thank my mentor and friend, Dr. Yuanquan Song. You 
iv	  
	  
have inspired me in more ways than I could possibly describe. I am thankful for 
our discussions of scientific ideas and I am eternally grateful for your support and 
mentorship as we tried to refute or confirm those ideas. Thank you for bearing 
with me and for the opportunity to propose these models of regenerative biology 
with you. 
To my family: Cristian Rivera Luzunaris, Basem, Hany and Mary Besada, 
Tetta and Geddo, Chaz Monahan-Vargas, Aiken Monahan-Vargas, Chris 
Monahan, Lourdes Vargas-Moringlane and Aida Luz Moringlane-Ruiz. Thank you 
for your unconditional love and for your prayers. I am beyond thankful for Aurelio 
Fernandez, for his love and example in life and protection from the heavens. 
Hope I make you proud. I thank my spiritual partner for her fortitude, for her 
inspiring faith and for her commitment and love for me. I am blessed to love you, 
Ranin. Thank you all for carrying me. Finally, I thank my Creator for my existence 













The Microtubule Regulator Ringmaker Functions Downstream of Rtca and 
the RNA Repair/Splicing Pathway to Promote Axon Regeneration  
Ernest J. Monahan-Vargas 
Yuanquan Song 
Promoting axon regeneration in the central and peripheral nervous system is of 
clinical importance in neural injury and neurodegenerative diseases. Both pro- 
and anti-regeneration factors are being identified. We previously reported that the 
Rtca mediated RNA repair/splicing pathway restricts axon regeneration by 
inhibiting the nonconventional splicing of Xbp1 mRNA under cellular stress. Here, 
we describe the application of a computational screening pipeline used to identify 
small-molecule inhibitors of Rtca and a paradigm to test for efficacy. However, 
the downstream effectors of Rtca remain unknown. Through transcriptome 
profiling, we show that the tubulin polymerization promoting protein (TPPP) – 
ringmaker/ringer is dramatically increased in Rtca deficient Drosophila sensory 
neurons, which is dependent on Xbp1. Ringer is expressed in sensory neurons 
before and after injury, and is cell-autonomously required for axon regeneration. 
While loss of ringer abolishes the regeneration enhancement in Rtca mutants, its 
overexpression is sufficient to promote regeneration both in the peripheral and 
central nervous system. Ringer maintains microtubule stability/dynamics with the 
microtubule-associated protein – futsch/MAP1B, which is also required for axon 
regeneration. Furthermore, ringer lies downstream of and is negatively regulated 
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by the microtubule-associated deacetylase – HDAC6, which functions as a 
regeneration inhibitor. Taken together, our findings suggest that ringer acts as a 
hub for microtubule regulators that relays cellular status information, such as 
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CHAPTER 1: Introduction 
 
1.1 Regeneration of the Nervous System  
 
Regeneration of nerve fibers and tissues after injury was long believed to 
be therapeutically unattainable. In the human central nervous system, it was 
believed that promoting regrowth of nerve fibers was impossible (Ramón y Cajal, 
1928). Although therapies for nervous system repair have been limited, 
significant strides have been made in the past several decades to attempt to 
understand the molecular underpinnings of nerve cell regeneration (Massey et al. 
2006; Park et al. 2008; Smith et al. 2009; Cote et al. 2010). 
Failure of damaged axons to regenerate is a primary cause for both 
permanent disabilities after central nervous system (CNS) injury and the non-
reversible neurologic dysfunction in neurodegenerative diseases. More than a 
million Americans are paralyzed due to spinal cord injuries (SCI) and there are 
approximately 17,000 SCIs every year in the U.S. alone (The National Spinal 
Injury Statistical Center).  
Several strategies have been developed more recently, that have shown 
efficacy augmenting nerve regeneration in various experimental models and both 
intrinsic and extrinsic mechanisms govern a cell’s ability to regenerate after insult 
or injury. (Jain et al. 2011; Massey et al. 2006; Park et al. 2008; Smith et al. 
2009; Cote et al. 2010; Hellal et al. 2011; Nakamura and Okano 2013; Wu et al. 
2015; Matamoros et al. 2019). Unfortunately, actual therapeutic interventions to 
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promote nerve regeneration and functional recovery are still lacking. Despite the 
discoveries of extracellular factors and intrinsic pathways that reduce the 
regenerative capacity of axons, effective therapies have not yet emerged, 
underscoring the necessity to further study and characterize these pathways in 
diverse paradigms and species.  
Drawing connections between successful injury paradigms and models, 
followed by improvements in our understanding of the molecular underpinnings 
crucial for regeneration is essential for therapeutic advancements.  
1.2 Drosophila Sensory Neuron Axon Injury Model 
 
In Drosophila, sensory dendritic arborization (da) neurons show differential 
regenerative potentials between the periphery and the central nervous system 
(CNS), class IV neurons regenerate well in the periphery but the same axons in 
the ventral nerve chord (VNC) do not regrow; resembling that of mammalian 
neurons, -e.g. peripheral Dorsal Root Ganglion (DRG) neurons are able to 
regrow after injury, while neurons in the CNS exhibit limited regenerative 
capabilities and axons stall and retract from the injury site. Moreover, distinct sub 
classes of da neurons also regenerate differentially in the periphery (Song et al. 
2012), allowing quantitative and comparative analysis of intrinsic mechanisms of 
axon regrowth in different neuronal subtypes. 
This previously developed two-photon based axon injury model was used 
to assay regeneration in different classes and genotypes. Furthermore, it has 
been shown to be beneficial for its visualization, molecular and genetic tractability 
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and the reproducibility and control of the injury (Li et al. 2018). Briefly, by 
comparing and quantitating regeneration outcomes in class III (C3da) neurons 
(using 19-12Gal4tdGFP lines) - which exhibit limited regeneration and class IV 
(C4da) da neurons (using ppk-Gal4tdGFP lines), -which regenerate readily in the 
periphery but do not regenerate in the CNS, this work sought to identify and 
analyze molecular targets that could enhance or impede regeneration in various 
cell types and niches.  
1.3 Rtca Inhibits axon regeneration 
 
Using this model, an RNA binding protein (RBP) Rtca (RNA 3’-terminal 
phosphate cyclase), was previously described as a conserved inhibitor of axon 
regeneration. Either loss or knockdown of Rtca led to enhanced regeneration in 
Drosophila and mammalian axon injury models (Song et al. 2015). Rtca was 
shown to be involved in stress induced Xbp1 mRNA splicing and is a potential 
target for regenerative therapies. RBPs are increasingly shown to regulate 
complex cellular processes implicates in neurodegenerative diseases and even 
regeneration (Anthony and Gallo 2010; Elsaeidi et al. 2014; Klim et al. 2019).  
1.4 Summary 
 
This work aims to 1) use a published structure-based virtual modeling 
approach that was used to design small-molecule inhibitors of Rtca; and 2) to 
further understand its regulation of axonal regeneration via downstream 
pathways. In the following chapter, several experiments are described in an 
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attempt to further understand the role of the Rtca, using various paradigms. The 
second chapter consists of: a summary of the virtual modeling approach that 
allowed the design of pharmacological inhibitors of Rtca to be tested in 
mammalian neurons. 
In addition, downstream effectors and signaling mechanisms were 
explored, revealing an intricate pathway of genetic and cytoskeletal regulation 
after injury and necessary for regeneration. The results of transcriptome profiling 
experiments are discussed in the third chapter, shedding light on these 
downstream effectors of Rtca.  
The third chapter will address the regulatory roles of the downstream 
effector identified in the RNASeq experiments at the end of Chapter 2 and its 
interacting proteins. This chapter will focus on the microtubule-associated 
protein, ringmaker (also known as ringer, which is the fly homologue of the 
mammalian tubulin polymerization-promoting protein family members/TPPPs). 
 We describe that Ringmaker is strongly increased following Rtca removal 
and the function and interacting proteins of Ringmaker: futsch/MAP1B and 
HDAC6 were tested to further determine their role in axonal regeneration, 
followed by some mechanistic experiments of the residues and domains 
important for their function. Finally, a model of the Rtc system and its role in 
regulating axon regeneration is presented. 
In the final discussion, after describing these factor’s known functions in 
other cell types and species, and the results detailed below, some speculation is 
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presented, however these hypotheses are current and ongoing experiments.  
In summary, this work highlights a link between two cellular mechanisms 
that are essential for regeneration: RNA processing (Anthony and Gallo 2010; 
Hornberg and Holt 2013; Kosmaczewski et al. 2015; Song et al. 2015; Klim et al. 
2019), and microtubule (MT) dynamics (Hellal et al. 2011; Sengottuvel et al. 
2011; Ruschel and Bradke 2018; Matamoros et al. 2019) (Chen et al., 2012; 
Stone et al., 2012). It describes the transcriptomic changes downstream of the 
Rtc system in RNA repair/modification and a neuron’s response to injury. 
Additionally, it sheds light on the mechanism by which this response promotes 





























Rtca has been described to have an inhibitory role in axon regeneration and 
deletion or knockdown leads to increased neuronal regeneration. This function is 
conserved in mammals (Song et al, 2015) and is a potential target for therapeutic 
interventions. Through the previously published computational method, we 
sought to identify potential small-molecule inhibitors of Rtca (Johnson & 
Karanicolas, 2016). 
2.2 Virtual modeling and computational design of Rtca small-molecule 
inhibitors 
 
Briefly, this method starts out with Rtca’s structure in complex with RNA. 
Using a rational approach, it focuses on the functional groups that contribute 
most of the binding energy to the interaction, and then uses the precise three-
dimensional geometry of these groups as a template for structure-based 
screening (Figure 1.1). This strategy led to small-molecule inhibitors designed on 
chemical scaffolds completely unrelated to RNA, and yet these compounds 
mimic the spatial arrangement of functional groups recognized by Rtca. Because 
this approach is built in a rational way upon structural and energetic features of 
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the protein-RNA complex, it provided novel chemical compounds to explore the 
biology of Rtca inhibition; and will become the starting point for developing new 
therapeutic agents for promoting neuronal regeneration. 
In total, 17 novel compounds were identified using this method (Figure 
1.2). These candidates’ specificity to Rtca and their inhibitory function are to be 
determined. Furthermore these small-molecule inhibitors will be tested in 
mammalian neuronal cell cultures and microfluidic devices, according to 









Figure 1.1 Diagram of Virtual Pipeline for Computational Screening of Rtca 
Inhibitors. Seventeen potential Rtca inhibitors were identified using the virtual 
approach described. These small-molecule inhibitors were designed on chemical 
scaffolds completely unrelated to RNA, while mimicking the spatial arrangement 





2.3 Transcriptomic Profiling of Neuronal Rtca Loss 
 
 
In order to identify the downstream effectors mediating Rtca’s inhibitory 
function on axon regeneration, we performed RNA-Sequencing (RNA-Seq) of 
wild-type (WT) and Rtca loss of function (LOF) mutants – RtcaNP5057 (Song et 
al. 2015). Specifically, we focused our analyses on the C4da neurons, which 
were labeled by expressing ppk-CD4tdGFP, and enriched with fluorescence-
activated cell sorting (FACS).  
Bioinformatic analyses were performed to determine the altered gene 
expression and signaling pathways. In total, 225 genes were found to be 
differentially expressed in Rtca mutant C4da neurons compared to WT (Fig. 
2.1A, 2.1B). Interestingly, pathways regulating the cytoskeleton were enriched 
in both the up- and downregulated gene sets (Fig. 2.1C). In particular, Rtca 
LOF is associated with the Gene Ontology (GO) terms in actin, microtubule, 
axon and neuron projection (Fig. 2.1C).  
Subsequently, we decided to focus on the MAP ringmaker -because it was 
the most highly upregulated protein coding gene, further discussed in the 
following chapter. 
2.4 Rtca Loss Enhances Ringer Expression 
 
To confirm the results from the RNA-Seq experiment in Chapter 2, we 
performed immunostaining in 3rd instar larvae using a ringer specific antibody 
(Mino et al. 2016). In WT, we found that ringer was expressed in multiple cell 
types (Fig. 2.1D). In particular, ringer was detected in the cell body (dashed 
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circle), proximal dendrites (arrowheads) and axon (arrows) of C4da neurons 
(Fig. 2.1D). In accordance with our RNA-Seq results, ringer expression was 
drastically enhanced in a Rtca deletion allele – RtcaΔ (Song et al. 2015), with 
robust signal throughout C4da neurons (Fig. 2.1D). The ringer antibody 
fluorescence intensity was quantified using confocal imaging of C4da neuron 
cell bodies, confirming a ~60% increase (Fig. 2.1E). Given ringmaker’s known 
function in maintaining microtubule integrity, and the importance of 
microtubule stability in axon growth and regrowth, we sought to determine 






Figure 2.1 Transcriptome profiling and increased ringer expression in 
Rtca mutants. (A) Heatmap showing the significantly up- (red) or 
downregulated (blue) genes in a hypomorphic allele of Rtca – RtcaNP5057. 
Ringer, highlighted in red, is the second most upregulated protein coding 
gene. n = 3 replicates for each genotype. (B) Volcano plot showing differential 
gene expression in C4da neurons in RtcaNP505 versus WT. Positive log2(fold 
change) indicates an increase in mutants relative to WT.  ringer is highlighted 
in red. (C) The GO term analyses (http://geneontology.org) of the differentially 
regulated gene sets. The pathways in the GO Cellular Component are ranked 
based on the false discovery rate (FDR). (D) Immunostaining for the ringer 
protein in larvae shows that it is expressed in various cell types including 
neurons, glial cells and epithelial cells. Ringer is present in the soma (dashed 
circle), axon (arrows) and dendrites (arrowheads) of C4da neurons (labeled 
with ppk-CD4tdGFP). Ringer protein is upregulated in a deletion allele of Rtca 
– RtcaΔ. (E) Ringer expression level in the soma is quantified by measuring 
the mean fluorescence intensity with and without normalization to GFP, and it 
is significantly increased in RtcaΔ. n = 9 to 13 neurons from 3 to 5 larvae. *P < 











The cytoskeleton provides stability and rigidity to the overall structure of 
the cell, while also providing transport pathways for molecules within the cell. 
Microtubules and the cytoskeletal network are essential for neuronal function 
and are paramount to an axon’s ability to respond to guidance cues, transport 
proteins and organelles, grow, survive, and regenerate (Baas et al. 1991; 
Tanaka et al. 1995; Buck and Zheng 2002; Witte et al. 2008; Matamoros and 
Baas 2016; Hilton and Bradke 2017). Microtubule-binding small molecules 
and microtubule associated proteins (MAPs) that regulate microtubule 
dynamics are attractive therapeutic targets to augment axon regeneration 
through their regulation of stability and dynamics to promote regrowth 
(Blanquie and Bradke 2018). Ringmaker/ringer belongs to the p25α protein 
family, also known as the TPPP family. TPPPs regulate tubulin polymerization 
and are implicated in neurodegenerative disorders such as alpha-
synucleinopathies and Multiple System Atrophy (Lindersson et al. 2005; 
Kovacs et al. 2007; Song et al. 2007). Drosophila has only one TPPP 
ortholog, ringer, and it directly binds tubulin, promotes microtubule bundling 
and polymerization in vitro, which is critical for microtubule stabilization and 







3.2 Ringer cell-autonomously promotes axon regeneration in the PNS 
and CNS 
 
To specifically address the role of ringmaker in axon regeneration, we 
used the previously established Drosophila da sensory neuron injury model 
(Song et al. 2012; Song et al. 2015). Axons of the nociceptive C4da neurons 
(labeled with ppk-CD4tdGFP) were severed in the PNS of 3rd instar larvae at 
~72 h AEL using a two-photon laser. Degeneration of the distal axon was 
confirmed at 24 hours after injury (h AI) and regeneration was assessed at 48 
h AI (Fig. 2A). WT C4da neurons robustly regrew their axon from the 
retracted axon stem and extended along the original trajectory, beyond the 
injury site (Fig. 2A, arrowheads, axons are marked by the green dashed line). 
The percentage of axons that regenerated in WT neurons was 73%. The 
regeneration index was measured to assess the length of regeneration 
normalized to the growth of the larvae (Materials and Methods), as previously 
described (Song et al. 2012).  WT axons had a regeneration index of 0.35 ± 
0.04. In a null mutant of ringer – ringer915 (Mino et al. 2016), a substantial 
number of injured axons stalled, retracted or displayed limited regrowth (Fig. 
2A, arrow). A significant reduction in the regeneration percentage, the 
regeneration index and regeneration length was observed (Fig. 2B, 2C and 
Fig. S1A). RNAi knockdown in C4da neurons (ppk-Gal4>ringer 
RNAiBL38287) recapitulated the impaired regeneration observed in the 
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whole-body knockout (Fig. 2A, arrow), suggesting that ringer functions cell-
autonomously. The RNAi experiment was performed in heterozygotes of 
Df(3L)BSC649/+, a deficiency allele that covers the ringer locus, to provide a 
sensitized background. Heterozygotes of Df(3L)BSC649/+ by itself did not 
display defects in regeneration and thus served as the control. These results 
indicate ringer as a neuronal arbiter of regeneration. 
 Conversely, we determined whether gain of function (GOF) of ringer 
would be sufficient to enhance the regenerative potential of C3da neurons, 
which are normally incapable of regeneration (Song et al. 2012). We labeled 
C3da neurons with 19-12-Gal4, UAS-CD4tdGFP, repo-Gal80 and used the 
following injury paradigm: axotomy was induced at 48-72 h AEL, 
degeneration was confirmed at 24 h AI and regeneration was assayed at 72 h 
AI (Song et al. 2012). Given the reduced regeneration potential of C3da 
neurons, axons were given more time to regenerate in comparison to C4da 
neurons. Compared to WT C3da neurons, which exhibited axon regeneration 
at only about 5% of the time (Fig. 2D-2F, arrow), overexpression of ringer in 
C3da neurons significantly enhanced the axon regeneration percentage to 
43% and increased the regeneration index and regeneration length (Fig. 2D-
F, arrowheads, and Supplemental Fig. S1B). 
To address whether overexpression of ringer is beneficial for axon 
regeneration in the CNS, we examined C4da neuron axon regeneration within 
the ventral nerve cord (VNC) after CNS lesion, as previously described (Song 
et al. 2015). Compared to WT control, which showed limited regrowth, ringer 
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overexpression improved the regeneration percentage, with a significant 
increase in “terminal branching” and “commissure regrowth” (Fig. 2G-I, 
arrowheads, and Materials and Methods). These LOF and GOF analyses 
demonstrate that ringer is required for proper regeneration cell-autonomously 
and that it can enhance axon regeneration both in the peripheral and central 
nervous system. 
We next examined the expression pattern of ringer in da neurons more 
closely. We found that ringer was present in both C4da and C3da neurons 
and was detected in the axons before and after axon injury, as compared to 
the ringer915 negative control, which was devoid of ringer immunolabeling (Fig. 
2J, arrowheads). Ringer was highly localized to the cell bodies and diffuse 
throughout the uninjured axon, consistent with ringer’s role in stabilizing and 
bundling microtubules throughout the neuronal cytoplasm (Mino et al. 2016). 
After injury, ringer immunolabeling remained high in the soma and was 
concentrated within the proximal and medial portions of the injured axons. 
Strong immunolabeling of ringer protein was not observed in the growth 
cones or retraction bulbs of injured axons. This result suggests that rather 
than determining the class specific regenerative potential, ringer likely acts as 




Figure 3.1 Loss of function and gain of function analyses for ringer in 
axon regeneration in the PNS and CNS. (A) C4da neuron axons robustly 
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regenerate in WT. Ringer loss of function in a null allele – ringer915 
significantly reduces the regenerative potential. C4da neuron specific ringer 
RNAi in a sensitized background – deficiency Df(3L)BSC649/+ heterozygotes 
also leads to reduced axon regeneration, indicating that ringer is cell-
autonomously required for axon regeneration. The injury site is demarcated 
by the dashed circle. Arrow marks axon stalling while arrowheads show the 
regrowing axon tips. Axons are marked with dashed green lines. (B and C) 
Quantifications of C4da neuron axon regeneration with Regeneration 
percentage (B) and Regeneration index (C). N = 21 to 62 neurons from 6 to 
16 larvae. (D) C3da neuron axons fail to regenerate in WT. C3da neuron 
specific overexpression of ringer leads to increased axon regeneration. (E 
and F) Quantifications of C3da neuron axon regeneration. (G) C4da neuron 
specific overexpression of ringer increases axon regrowth in the VNC. The 
injury site is demarcated by the dashed circle. The regenerating axons are 
illustrated in schematic diagrams with terminal branching marked in red, 
commissure regrowth in blue and other regrowing axons in black. (H) 
Compared to WT, which shows limited regrowth, the regeneration percentage 
is increased after ringer overexpression. n = 13 to 46 injured segments from 7 
to 29 larvae. (I) Ringer overexpression increases terminal branching and 
commissure regrowth of C4da neurons after injury in the VNC. N = 7 to 29 
larvae. (J) Ringer expression pattern before and axon injury. Ringer protein is 
present in both C4da and C3da neurons and is detected in the axons before 
and after injury, as compared to the ringer915 negative control, which is devoid 
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of ringer immunolabeling. Ringer is highly localized to the cell bodies and 
diffuse throughout the uninjured axon. After injury, ringer immunolabeling 
remains high in the soma and was concentrated within the proximal and 
medial portions of the injured axons. Strong immunolabeling of ringer protein 
is not observed in the growth cones or retraction bulbs of injured axons. 
Dashed circle marks the cell bodies and arrowheads mark the axons. *P < 
0.05, **P < 0.01, ***P < 0.001 by Fisher’s exact test (B, E and H), two-tailed 
unpaired Student’s t-test (C, F and I). Scale bar = 20 µm. 
 
3.3 Ringer functions downstream of Rtca through Xbp1-dependent 
transcription 
 
Transcriptional regulation is a prime candidate for the regulation of 
ringer across cell types given the findings from the Rtca null mutants detailed 
in Chapter 2. As mentioned previously, a main function of Rtca is to 
antagonize the non-conventional splicing of the Xbp1 mRNA during ER stress 
(Song et al. 2015). The cellular-stress-induced splice variant Xbp1s then 
enters the nucleus and functions as a transcription factor orchestrating the ER 
stress response (Yoshida et al. 2001). In Rtca mutants, more Xbp1s is 
induced and inhibiting Xbp1 in Rtca mutants abolishes the enhanced axon 
regeneration phenotype seen in Rtca mutants, confirming that Xbp1 lies 
downstream of Rtca (Song et al. 2015). Transcriptional increase of ringer in 
Rtca mutants could also be dependent on Xbp1 and we subsequently 
examined the expression pattern of ringer in double mutants of Rtca and 
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Xbp1, compared to Rtca mutants alone. We found that the drastic increase of 
ringer expression in Rtca mutants, especially in the C4da neurons (soma, 
axon and dendrites) was completely abolished in the Rtca and Xbp1 double 
mutants (Fig. 4.1A, 4.1B), confirming that the transcription factor activity of 
Xbp1 is necessary for the upregulation of ringer in Rtca mutants. 
 To further elucidate the connection between Rtca and ringer, we 
sought to determine whether the increased expression of ringer mediates the 
regeneration enhancement in Rtca mutants by performing epistasis analysis. 
While loss of Rtca alone significantly promoted C3da neuron axon 
regeneration (Fig. 4.1C-4.1E, arrowheads), double mutants of Rtca and ringer 
abolished the regeneration enhancement (Fig. 4.1C-4.1E, arrow). This result, 
together with the ringer expression analyses, indicates that ringer is a major 







Figure 4.1. Ringer functions downstream of Rtca, in a Xbp1 dependent 
manner. (A) Xbp1 mediates the increase of ringer expression in Rtca 
mutants. The drastic increase of ringer expression in RtcaNP5057 mutants is 
abolished in Rtca and Xbp1 double mutants. Dashed circle marks the C4da 
neuron cell body. (B) The ringer immunolabeling is quantified by measuring 
the mean fluorescence intensity in the C4da neuron soma with and without 
normalization to GFP, showing that the increased ringer expression in Rtca 
mutants is eliminated after Xbp1 deficiency. n = 11 to 13 neurons from 3 to 5 
larvae. (C) While Rtca LOF improves C3da neuron axon regeneration after 
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peripheral injury, the enhancement is completely eliminated in Rtca and ringer 
double mutants. The injury site is demarcated by the dashed circle. Arrow 
marks axon stalling while arrowheads show the regrowing axon tips. (D and 
E) Quantifications of C3da neuron axon regeneration with Regeneration 
Percentage (D) and Regeneration Index (E). n = 19 to 24 neurons from 4 to 6 
larvae. *P < 0.05, ***P < 0.001 by Fisher’s exact test (D), one-way ANOVA 
followed by Tukey’s test (B) or Dunn’s test (E). Scale bar = 20 µm. 
 
 
3.4 Ringer maintains microtubule integrity during axon regulation 
 
Given the previous report that ringer directly affects tubulin 
polymerization, and promotes microtubule bundling and stability (Mino et al. 
2016), we assessed microtubule properties during axon regeneration, in the 
presence or absence of ringer. We focused on two processes essential for 
microtubule integrity: α-tubulin lysine 40 acetylation and the interactions 
between MAPs. Acetylated α-tubulin (Ac-Tub) resides on the lumen of 
microtubules. While it does not confer stability directly, it is a part of the 
tubulin code (Yu et al. 2015), and regulates the interaction between MAPs 
and microtubules (Reed et al. 2006; Sudo and Baas 2010). Ac-Tub plays an 
important role in the growth, integrity, polarization and overall health of the 
neuron (Baas and Black 1990; Dompierre et al. 2007; Witte et al. 2008; 
Perdiz et al. 2011; Matamoros and Baas 2016). We immunolabeled Ac-Tub 
and measured its expression both in the cell body (Fig. 5.1A, dotted line) and 
24	  
	  
proximal axon (Fig. 5.1A, arrowheads) of injured C4da neurons. While there 
was a larger standard deviation for the immunofluorescence of Ac-Tub in 
ringer mutants, we did not find significant differences in Ac-Tub of the cell 
bodies, which is consistent with tubulin post-translational modifications being 
tightly regulated (Fig. 5.1B). However, we measured a significant 40% 
reduction in the immunofluorescence of Ac-Tub in the proximal axon of 
injured neurons in ringer915 mutants, compared to WT axons (Fig. 5.1C). This 
result suggests that compromised microtubule stability, as reflected by the 
reduction of Ac-Tub level within the axon, contributes to the impaired axon 
regenerative potential. 
 In a second line of investigation, we inquired whether MAPs might 
interact with ringer during axon regeneration. Recently, futsch, also known as 
MAP1B, was found to associate with ringer to form synapses at 
neuromuscular junctions (Shi et al. 2019). Futsch is essential to the health of 
a neuron and its dysregulation leads to neurodegeneration (Bettencourt da 
Cruz et al. 2005; Godena et al. 2011). Therefore, we sought to determine if 
futsch and ringer were working together to promote regeneration. We 
examined futsch immunolabeling in WT C4da neurons at 24 h AI to test 
whether ringer regulates futsch expression. Futsch immunolableing was 
strongly observed in both the cell body and the proximal and medial axon 
(Fig. 5.1D). In line with our hypothesis, futsch immunolabeling was starkly 
reduced in ringer915 mutant C4da neuron cell bodies and axons (Fig 5.1D). 
The percentage of injured C4da neurons expressing futsch did not change 
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(Fig. 5.1E), however, the intensity of staining was significantly reduced by > 
30% (Fig. 5.1F). This reduction is at least partially due to transcriptional 
repression, as futsch mRNA level is significantly downregulated in ringer 
mutants (Supplemental Fig. S2A). In addition, post-transcriptional and post-
translational mechanisms are also likely to contribute. Therefore, our result 
demonstrates that futsch is highly expressed in the injured axons of the 








Figure 5.1. Ringer deficiency impairs microtubule integrity during axon 
regeneration. (A) Ac-Tub immunofluorescence, as viewed with confocal 
microscopy, demonstrates a reduction in microtubule acetylation in the cell 
body (dotted line) and axon (arrow head) of injured ringer mutant axon. Scale 
bar = 5 µm. (B) There is no significant decrease in Ac-Tub 
immunofluorescence between WT (n = 13) and ringer mutants (n = 12), 
although variance is greater for ringer mutants. (C) Fluorescence intensity is 
significantly reduced from 37.02 ± 4.114 (n = 14) for WT to 23.73 ± 2.599 (n = 
12) for ringer mutants within the proximal axon (5 µm). (D) In WT C4da 
neurons at 24 h AI, futsch is strongly expressed in both the cell body and the 
proximal and medial axon. Futsch immunolabeling is reduced in ringer915 
mutant C4da neuron cell bodies and axons. The pink dashed circle marks the 
C4da neuron cell body and the teal dashed circle demarcated the injury site. 
Scale bar = 20 µm. (E) The percent of injured C4da neurons expressing 
futsch is comparable between WT and ringer mutants. (F) The fluorescence 
intensity of futsch staining in the soma of futsch-expressing C4da neurons 
(with and without normalization to GFP) is significantly reduced in ringer 
mutants. n = 10 to 13 neurons from 5 to 7 larvae. *P < 0.05 by Fisher’s exact 







3.5 Ringer and futsch/MAP1B cooperate to promote axon regeneration 
 
Futsch deficiency, as in a hypomorphic allele – FutschN94 (Hummel et 
al. 2000), resulted in a severe regeneration-deficient phenotype. The axons of 
futschN94 mutants failed to regenerate beyond the site of injury and axons 
retracted (Fig. 6.1A, arrow). FutschN94 mutants showed a lower regeneration 
percentage, compared to ringer915 mutants and the regeneration index was 
significantly reduced nearly to zero (Fig. 6.1B, 6.1C). Mutations in futsch 
resulted in a more drastic loss of regenerative potential in C4da neurons 
compared to ringer mutants, suggesting that futsch may receive additional 
input parallel to ringer. We next performed genetic interaction analysis to 
determine the functional relationship between ringer and futsch. Both 
ringer915/+ and futschN94/+ heterozygotes exhibited robust axon regeneration 
(Fig. 6.1A, arrowheads) and showed no significant reduction in regeneration 
percentage or regeneration index compared to WT axons (Fig. 6.1B, 6.1C). 
However, transheterozygotes of ringer915/+ and futschN94/+ were unable to 
regenerate after injury, with regeneration percentage and regeneration index 
resembling those in ringer915 mutants (Fig. 6.1A-6.1C), confirming that ringer 
and futsch indeed operate in the same genetic pathway required for axon 
regeneration. 
Western-blotting of the entire larval body wall lysate was then 
performed for assessing changes in protein expression and Ac-Tub 
abundance across various mutants (Fig. 6.1D, 6.1E). Ringer knockout was 
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confirmed with its 25 kDa band completely absent in ringer915 mutants. 
Although Futsch mutants, as in a hypomorphic allele – FutschK68 (Hummel et 
al. 2000), did not exhibit any change in ringer protein expression, reduced 
ringer mRNA level was observed in futschN94 mutants (Fig. S2B), suggesting 
possible post-transcriptional compensation. Ac-Tub levels were reduced by 
approximately half in mutants of ringer and futsch, consistent with our 
observation of reduced Ac-Tub staining in ringer915 mutant C4da neurons 








Figure 6.1. Ringer and futsch operate in the same genetic pathway to 
promote axon regeneration, and western blotting of ringer and Ac-Tub 
in various mutants. (A) Genetic interaction analysis between ringer and 
futsch. While C4da neuron axons in heterozygotes of futschN94/+ or ringer915/+ 
behave similarly to WT, significant reduction of regeneration is observed in 
homozygotes of futschN94 and transheterozygotes of futschN94/+ and ringer915/+ 
(futschN94/+; ringer915). The injury site is demarcated by the dashed circle. 
Arrow marks axon stalling while arrowheads show the regrowing axon tips. (B 
and C) Quantifications of C4da neuron axon regeneration with Regeneration 
percentage (B) and Regeneration index (C). n = 20 to 64 neurons from 5 to 
16 larvae. (D and E) Ringer and Ac-Tub levels in WT and mutants of ringer, 
futsch and HDAC6. (D) Representative immunoblots showing total levels of 
ringer (left) and Ac-Tub (right) from larval lysates of specified genotypes. 
Actin was used as the loading control. (E) Quantification of the ratio of band 
intensities of ringer (left) and Ac-Tub (right) with respect to Actin in 
represented genotypes. n = 3 independent experiments. *P < 0.05, **P < 
0.01, ***P < 0.001 by Fisher’s exact test (B), one-way ANOVA followed by 









3.6 Futsch binds to microtubules in a ringer-dependent manner and 
regulates microtubule dynamics 
 
In order to understand the mechanistic link between ringer/futsch and 
axon regeneration, we first focused on their interaction with the microtubule. It 
has been established that ringer, futsch and tubulin exist in a molecular 
complex (Shi et al. 2019). We thus wanted to determine whether loss of ringer 
or futsch results in the breakdown of this molecular complex in vivo. We 
performed immunoprecipitations (IPs) using adult head lysates from WT, 
ringer915 and futschK68 mutants (Fig. 7.1A, 7.1B). Equal protein was used for 
each IP experiment from each genotype. Immunoblots from WT and ringer915 
mutant lysates (Fig. 7.1A) showed loss of ringer (Fig. 7.1Aa) in ringer915 
mutants and same levels of total tubulin (Fig. 7.1Ac). Immunoblots from WT 
and futschK68 mutant lysates (Fig. 7.1B) show loss of futsch (Fig. 7.1Ba) in 
futschK68 mutants and same levels of ringer (Fig. 7.1Bc). Actin was used as a 
loading control (Fig. 7.1Ab, 7.1Bb). IPs using ringer and tubulin efficiently 
precipitated ringer and tubulin, respectively, confirming the specificity of the 
IPs (Shi et al. 2019). While loss of ringer did not completely abolish the 
binding of futsch to tubulin, tubulin levels in the IP complex were significantly 
reduced (~45% reduction) in ringer915 mutants (Fig. 7.1Ad). On the other 
hand, loss of futsch did not change the complex formation between ringer and 
tubulin and the levels of ringer remained unchanged (Fig. 7.1Bd). These data 
indicate, that while loss of any one of these proteins does not abolish the 
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complex formation between the two remaining proteins, ringer 
primes/facilitates futsch-tubulin binding. 
 Second, to determine the genetic relationship between ringer and 
futsch, we performed epistasis analysis. We found that C4da neuron specific 
overexpression of futsch failed to rescue the reduced axon regeneration 
defect in ringer915 mutants (Fig. 7.1C), whereas futsch LOF was unable to 
suppress the enhanced axon regeneration in C3da neurons caused by ringer 
overexpression (Fig. 7.1D). Combined with the IP experiments above, we 
speculate that ringer and futsch operate in the same complex with ringer lying 
more downstream. 
 Third, to directly assess microtubule dynamics, we performed imaging 
of the photoconvertible tdEos-α-tubulin, which has previously been used to 
analyze microtubule sliding (Barlen et al., 2013, Lu et al., 2013) and turnover 
(Tau et al., 2016). Unconverted tdEos-α-tubulin emits green fluorescence. 
After illuminating a 20-µm axon segment with 405-nm light, tdEos–α-tubulin 
emitted red fluorescence which gradually decayed (Fig. 7.1E). In WT, while 
the decay rate between uninjured and injured larvae was similar at 1 h, the 
rate was significantly higher (P < 0.05) at 4 h in the injured condition, 
suggesting faster turnover/dynamics during axon regrowth (Fig. 7.1E, 7.1F). 
In the futschN94 mutants, the turnover/dynamics at 1 h was significantly lower 
(P < 0.001) in the uninjured condition, whereas the injured larvae exhibited a 
trend towards faster decay (Fig. 7.1E, 7.1F), indicating dysregulated 
turnover/dynamics. We then calculated the ratio of injured versus uninjured 
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conditions at 1 h, and found a drastic reduction in futschN94 mutants (Fig. 
7.1G), suggesting aberrantly accelerated turnover/dynamics. This data is also 
consistent with the reduced Ac-Tub level in futsch mutants (Fig. 6.1D, 6.1E), 






Figure 7.1. Futsch binds to microtubule in a ringer-dependent manner 
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and regulates microtubule dynamics. (A and B) Immunoblots from equal 
amounts of adult fly head lysates from WT and ringer mutants (Aa), and WT 
and futsch mutants (Ba) were immunoblotted for anti-ringer (Aa) and anti-
futsch (Ba), respectively. Anti-Actin was used for loading control (Ab, Bb). The 
levels of tubulin (Ac) and ringer (Bc) were unchanged in WT and ringer 
mutant lysates (Ac), and WT and futsch mutant lysates (Bc), respectively. IPs 
from the WT and ringer mutants (Ad), and WT and futsch mutant fly heads 
(Bd) show that while loss of any one of these proteins does not abolish the 
complex formation between the remaining two proteins, ringer is required to 
facilitate futsch binding to tubulin (Ad). (C and D) Quantifications of C4da (C) 
and C3da (D) neuron axon regeneration with Regeneration percentage and 
Regeneration index. N = 21 to 64 neurons from 5 to 16 larvae. C4da neuron 
overexpression of futsch does not rescue the reduced axon regeneration in 
ringer915 mutants, while futsch mutation does not suppress the enhanced 
axon regeneration induced by C3da neuron overexpression of ringer. (E to G) 
The assay for microtubule turnover/dynamics using tdEOS-labeled α-tubulin. 
A 20-µm region in the proximal axon was photoconverted by using a 405-nm 
laser. After 0 h, 1 h and 6 h, the converted axon was checked for the 
remaining red tdEOS. Examples of photoconversion are shown in (E). The 
dashed circle marks the injury site. Photoconverted segments were imaged at 
different time points and the red fluorescence was measured both in the 
conversion region and outside it. The difference between the signal in the 
conversion region and outside regions was normalized to the same 
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measurement at 0 h. The relative fluorescence intensity (FI) over time is 
plotted (F). In WT, the relative FI is significantly reduced (*) in the injured 
versus the uninjured conditions at 4 h. At 1 h, the FI in uninjured futschN94 
mutants is significantly higher (***) than that of WT, whereas the FI in injured 
futschN94 mutants is lower than the injured WT. (G) The ratio of the injured 
versus uninjured FI at 1 h was calculated and shows a significant reduction in 
futschN94 mutants. N = 7 to 11 neurons from 5 to 10 larvae.  *P < 0.05, **P < 
0.01, ***P < 0.001 by Fisher’s exact test (C and D, top), one-way ANOVA 
followed by Tukey’s test (C and D, bottom), two-way ANOVA followed by 
Sidak's test (F), two-tailed unpaired Student’s t-test (G). Scale bar = 20 µm. 
 
3.7 HDAC6 is an inhibitor of axon regeneration via interaction with 
Ringer/futsch 
 
Given the dysregulated Ac-Tub levels in ringer and futsch mutants, we 
investigated the effect of histone deacetylase 6 (HDAC6), the primary 
cytoplasmic α-tubulin deacetylase, and a ringer interacting protein, on Ac-Tub 
and ringer protein levels.  
HDAC6 inhibition has been shown to be neuroprotective in various 
contexts incluing injury and neudegenerative models (Rivieccio et al. 2009; Li 
et al. 2011; Cho and Cavalli 2014; Hanson et al. 2018; Prior et al. 2018). 
More specifically, HDAC6 has been implicated in injury-mediated microtubule 
deacetylation, and inhibition of HDAC, enhances neurite outgrowth in DRG 
neurons in vitro (Rivieccio et al. 2009; Li et al. 2011; Cho and Cavalli 2014; 
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Hanson et al. 2018; Prior et al. 2018). Due to HDAC’s described functions, its 
role in regeneration was assessed. 
As expected, Ac-Tub level was significantly increased in HDAC6 
knockout (HDAC6KO) (Fig. 6.1D, 6.1E). Importantly, HDAC6KO also led to a 
substantial increase of ringer protein expression (Fig. 6.1D, 6.1E), prompting 
us to determine the role HDAC6 plays during axon regeneration in vivo. 
 
3.8 HDAC6 suppresses axon regeneration by inhibiting ringer 
 
HDAC6KO strongly enhanced axon regeneration in regeneration-
incompetent C3da neurons, increasing the regeneration percentage to 54% 
and the regeneration index to 0.34 (Fig. 8.1A-8.1C). However, enhancement 
was abolished in HDAC6KO and ringer915 double mutants (Fig. 8.1A-8.1C), 
suggesting that ringer functions downstream of HDAC6. Next, we went on to 
determine whether HDAC6 is also involved in the regulation of C4da neuron 
regeneration. Overexpression of the WT HDAC6 (HDAC6-WT) significantly 
reduced the regeneration percentage to 50% (Fig. 8.1D, 8.1E). On the other 
hand, overexpression of a dominant-negative HDAC6 mutant with the 
disrupted second catalytic domain (Zhang et al. 2014) – HDAC6-H664A 
significantly increased the regeneration index of C4da neurons (Fig. 8.1D, 
8.1E). 
Given the enhancement of axon regeneration in C3da neurons, we 
went on to determine how ringer and futsch localized after injury in 
HDAC6KO. We found that removal of HDAC6 drastically upregulated ringer 
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and futsch protein expression in both the soma and injured axon, with a 
prominent increase within the growth cone (Fig. 8.1F, dashed circle and 
arrowheads). Relative to WT, quantifications of ringer and futsch 
immunofluorescence intensity in HDAC6KO showed a significant increase in 
the soma (Fig. 8.1G, 8.1H), corroborating our conclusion that HDAC6 
negatively regulates ringer to suppress axon regeneration. Interestingly, this 
increased protein expression is likely due to post-transcriptional mechanisms, 
because the mRNA levels of ringer and futsch are either not changed or 








Figure 8.1. HDAC6 suppresses axon regeneration by inhibiting ringer 
and futsch. (A) Epistasis analysis of HDAC6 and ringer. Whereas HDAC6KO 
drastically promotes C3da neuron axon regeneration after peripheral injury, 
the enhancement is completely eliminated in HDAC6 and ringer double 
knockouts. The injury site is demarcated by the dashed circle. Arrow marks 
axon stalling while arrowheads show the regrowing axon tips. (B and C) 
Quantifications of C3da neuron axon regeneration with Regeneration 
percentage (B) and Regeneration index (C). n = 22 to 37 neurons from 6 to 
10 larvae. (D and E) Quantifications of C4da neuron axon regeneration with 
Regeneration percentage (D) and Regeneration index (E). C4da neuron 
specific overexpression of HDAC6-WT significantly reduces the regeneration 
percentage, without significantly affecting the regeneration index. On the 
other hand, overexpression of a dominant-negative HDAC6 mutant with the 
disrupted second catalytic domain – HDAC6-H664A significantly increased 
the regeneration index. n = 24 to 64 neurons from 6 to 16 larvae. (F) Removal 
of HDAC6 drastically upregulates ringer and futsch expression in both the 
soma and injured axon at 24 h AI, with a prominent increase within the growth 
cone. Dashed circle marks the cell body and arrowheads mark the growth 
cone. (G and H) Quantifications of the ringer (G) and futsch (H) 
immunofluorescence intensity in the soma (with and without normalization to 
GFP) shows significant increase in HDAC6KO, relative to WT. n = 6 to 7 
neurons from 3 to 4 larvae. *P < 0.05, ***P < 0.001 by Fisher’s exact test (B 
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and D), one-way ANOVA followed by Dunnett’s test (C and E), two-tailed 
unpaired Mann-Whitney test (G and H). Scale bar = 20 µm.  
 
3.9 Pharmacological inhibition of HDAC6 promotes axon regeneration 
 
Furthermore, to determine if pharmacological inhibition of HDAC6 
could promote regeneration: a specific HDAC6 inhibitor – Tubacin was used. 
Application of Tubacin (50 µM) to microplates of fly food was performed as 
described by Xiong et al., 2013. C3da neurons axon regeneration was 
enhanced when compared to the DMSO vehicle control (Fig. S3A-S3C). 
Taken together, HDAC6 functions as a negative regulator of axon 
regeneration by either inhibiting Ringer expression or function. 
In conclusion, Rtca negatively regulates ringer transcription via Xbp1. 
Ringer functions as a neuronal intrinsic promoter of axon regeneration, 
working in concert with other interacting MAPs, specifically Futsch/MAP1B 
and HDAC6, which have been previously shown to be integral for axonal 
health and integrity (Gordon-Weeks and Fischer 2000; Bettencourt da Cruz et 
al. 2005; Rivieccio et al. 2009; Godena et al. 2011; Li et al. 2011; Lin et al. 
2015; Prior et al. 2018). These results reveal MAPs as important arbiters of 
axon regeneration and propose ringer (TPPP homologs) as an attractive 




Supplemental Figure 1. Quantification of regeneration length. (A and B) 
Regeneration length is plotted and corresponds to Figure 2C and 2F. N = 21 
to 62 neurons from 6 to 16 larvae. **P < 0.01 by one-way ANOVA followed by 





Supplemental Figure 2. Quantitative RT-PCR of futsch and ringer 
transcripts in various mutants. (A) futsch transcription is reduced in 
ringer915 mutants. (B) ringer transcription is reduced in HDAC6KO and 
futschN94 mutants. N = 3 experiments. *P < 0.05, ***P < 0.001 by one-way 




Supplemental Figure 3. HDAC6 inhibitor tubacin promotes C3da neuron 
axon regeneration. (A) C3da neuron axons fail to regenerate in the DMSO 
vehicle control. Application of tubacin (50 µM) in the fly food from 0 h AEL 
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onward promotes axon regeneration. The injury site is demarcated by the 
dashed circle. Arrow marks axon stalling while arrowheads show the 
regrowing axon tips. (B and C) Quantifications of C3da neuron axon 
regeneration. N = 21 to 24 neurons from 5 to 6 larvae. *P < 0.05 by by 















Supplemental Figure 4. Proposed model for a ringer-mediated genetic 
pathway regulating axon regeneration. Rtca inhibits regeneration by 
suppressing Xbp1 splicing, which in turn leads to a reduction in ringer 
expression. Ringer is also inhibited by HDAC6. Ringer and futsch form a 
complex with tubulin, and appear to be responsible for relaying a cellular 
stress signal via the microtubule network. Rtca and Xbp1 may have additional 
downstream effectors independent of ringer, and futsch likely receive 









CHAPTER 4: Materials and Methods 
 
4.1 Fly stocks 
19-12-Gal4 (Xiang et al. 2010), repo-Gal80 (Awasaki et al. 2008), ppk-CD4-
tdGFP (Han et al. 2011), ppk-Gal4 (Han et al. 2011), RtcaNP5057 (Song et al., 
2015), Rtca Δ (Song et al., 2015), ringer915 (Mino et al., 2016), UAS-ringer 
RNAiBL38287 (Mino et al., 2016), Xbp1k13803 (Song et al., 2015),  NompC-QF 
(Petersen and Stowers 2011), QUAS-mCD8GFP (Potter et al. 2010), 
futschN94 (Hummel et al., 2000), futschK68 (Hummel et al., 2000), UAS-tdEos-
α-tubulin (UAS-αTub84B.tdEOS) (Tao et al., 2016) and HDAC6KO (Du et al., 
2010) have been previously described. To generate the UAS-ringer stock, the 
entire open reading frame of ringer (from DGRC) was cloned into the pACU2 
vector, and the construct was then injected (Rainbow Transgenic Flies, Inc). 
Randomly selected male and female larvae were used. Analyses were not 
performed blind to the conditions of the experiments. 
 
4.2 RNA-Sequencing 
To isolate and purify C4da neurons, 50-60 age-matched 3rd instar larvae 
expressing the C4da neuron-specific ppk-CD4tdGFP were collected, washed 
and dissected in cold PBS. The larval body walls were then dissociated using 
a combination of enzymatic (collagenase 1 mg/mL) and mechanical 
perturbations (10X trituration at room temperature and then incubated at 37°C 
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for 15 min with 10X trituration every 5 min) to yield single cell suspensions 
which were then filtered using a 70 µm membrane. The filtrate was then 
sorted by flow cytometry, typically giving a yield of ~15% with ~300-500 cells. 
The RNA was extracted using the RNAqueousTM-Micro kit (AM1931, 
ThermoFisher). cDNA was synthesized using the SMARTerTM Ultra Low RNA 
Kit (Takara), and then fragmented using the Nextera DNA Library Preparation 
Kit (Illumina). The samples were sequenced using the Single-Read 
Sequencing Technology from Illumina. A total of 6 samples (3 WT and 3 Rtca 
mutants) were sequenced and analyzed. 
 
4.3 Sensory axon lesion in Drosophila 
Da neuron axon lesion and imaging in the PNS or within the VNC were 
performed in live fly larvae as previously described (Song et al. 2012; Stone 
et al. 2014; Song et al. 2015). 
 
4.4 Quantitative analyses of sensory axon regeneration in flies 
Quantification was performed as previously described (Song et al. 2012; 
Song et al. 2015). Briefly, for axon regeneration in the PNS, we used 
“Regeneration percentage”, which depicts the percent of regenerating axons 
among all the axons that were lesioned; “Regeneration length”, which 
measures the increase of axon length; “Regeneration index”, which is 
calculated as an increase of “axon length” / “distance between the cell body 
and the axon converging point (DCAC)”. An axon is defined as regenerating 
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only when it obviously regenerated beyond the retracted axon stem, and this 
was independently assessed of the other parameters. “Regeneration index” is 
a more accurate measurement of axon regeneration than “Regeneration 
length”, as it is normalized to larval growth. For axon regeneration in the CNS, 
we used “Regeneration percentage”, which depicts the percent of lesioned 
commissure segments that showed obvious regrowth; “Terminal branching”, 
which counts the number of axons that reached the commissure bundle and 
appeared to form elaborate branches; “Commissure regrowth”, which counts 
the number of axons that regenerated to connect commissure segments, 
longitudinally or laterally. The regeneration parameters from various 
genotypes were compared to that of the WT if not noted otherwise, and only 
those with significant difference were labeled with the asterisks. 
 
4.5 Live imaging of Drosophila larvae 
Live imaging was performed as described (Emoto et al. 2006; Parrish et al. 
2007). Embryos were collected for 2-24 hours on yeasted grape juice agar 
plates and were aged at 25°C or room temperature. At the appropriate time, a 
single larva was mounted in 90% glycerol under coverslips sealed with 
grease, imaged using a Zeiss LSM 880 microscope, and returned to grape 
juice agar plates between imaging sessions. 
 
4.6 Immunohistochemistry and quantification 
Third instar larvae or cultured neurons were fixed according to standard 
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protocols. The following antibodies were used: guinea pig anti-ringer (Mino et 
al., 2016, 1:1000), mouse anti-futsch antiserum (22C10, 1:100, 
Developmental Studies Hybridoma Bank), mouse monoclonal anti-acetylated 
α-tubulin (T7451, 1:100, Sigma) and fluorescence-conjugated secondary 
antibodies (1:1000, Jackson ImmunoResearch). For microtubule staining, a 
1X PHEM (1.8% PIPES, 0.5% HEPES, 0.4% EGTA, and 0.04% MgCl2) 
microtubule stabilization buffer was used for dissections pre and post -20°C 
methanol fixation (20 minutes). Larval body walls were permeabilized with 
10% triton x-100 in 5% normal goat serum and 1X PBS overnight at 4°C to 
improve antibody penetrance for microtubule staining. Images were acquired 
using a confocal microscope and analyzed in ImageJ software. Z-stacks 
containing the regions of the cell to be quantified were used to make 
maximum intensity projections that were then outlined and measured for 
fluorescence intensity of the respective immunofluorescence in the cell body 
and axons (proximal and distal).  
 
4.7 Western blotting, immunoprecipitations and quantification 
3rd instar larval body walls without brain lobes, ventral nerve cord or any 
attached imaginal discs were homogenized in ice-cold lysis buffer (Banerjee 
et al. 2017). The supernatants with equal amounts of proteins from each 
genotype were separated on SDS-PAGE for immunoblotting with respective 
antibodies. Each experiment was done independently three times and the 
most representative blots are shown. Primary antibodies used for 
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immunoblotting were guinea pig anti-ringer (Mino et al., 2016, 1:15,000), anti-
Ac-Tub (T7451, 1:5000, Sigma), and anti-β-Actin (4967S, 1:15,000, Cell 
Signaling). Image J (NIH, USA) was used for quantification of band intensities 
of western blots from three independent experiments. The intensity of the 
bands of interest was divided by their respective Actin loading control. For 
immunoprecipitations studies, WT, ringer915 and futschK68 mutant fly heads 
were processed using identical experimental conditions according to 
previously described protocols (Banerjee et al., 2010). Each experiment was 
done independently three times and the most representative blots are shown. 
 
4.8 Quantitative RT-PCR 
Quantitative RT-PCR was performed for ringer, futsch and rp49 (Ribosomal 
protein 49) in fly larvae. Ringer was amplified with primers F 5′- 
acaaattcctggacgatctgg-3′ and R 5′-ttgctcgtatccgtcaatcg-3′; futsch was 
amplified with primers F 5′-ttagcagtttcacccgcc-3′ and R 5′- 
cccgaatcaccctttgtacg-3′; rp49 was amplified with F 5′- 
cagtcggatcgatatgctaagctg -3′ and R 5′- taaccgatgttgggcatcagatac -3′. 
 
4.9 Tubulin photoconversion assay 
Performed as previously described (Tao et al., 2016). Briefly, ppk-Gal4 was 
used to drive the expression of UAS-tdEos-α-tubulin in C4da neurons. A 
segment of ∼20-µm of the proximal axon was illuminated with a 405-nm laser 
to photoconvert the tdEos-α-tubulin from green to red. Converted neurons 
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were imaged immediately after conversion (0 h) and re-imaged for red 
fluorescence at 1 h and 4 h later using a 543-nm laser. Counter-images of the 
unconverted tdEos-α-tubulin were acquired with a 488-nm laser. 
Fluorescence intensity was measured within the 20-µm segment using 
ImageJ. Red fluorescence intensity was measured in converted segment and 
in the non-converted region. Remaining fluorescence intensity (FI) was 
defined as (FIconverted− FIunconverted)timecourse/(FIconverted− FIunconverted)0h. 
 
4.10 HDAC6 inhibitor treatment 
For the HDAC6 inhibitor treatment, tubacin (MedChem Express, HY-13428) 
was dissolved in DMSO at a concentration of 10 mM and then added at a 
final concentration of 50 µM (1:200 dilution) to grape juice agar plates. Control 
flies were treated with the same volume of DMSO (vehicle). The 
embryos/larvae were continuously cultured on medium containing inhibitors or 
DMSO till imaging. Tubacin led to an overall developmental delay. 
 
4.11 Statistical analysis 
No statistical methods were used to pre-determine sample sizes, however 
sample sizes are similar to those reported in previous publications (Song et 
al. 2012; Song et al. 2015), and the statistical analyses were done afterwards 
without interim data analysis. Data distribution was assumed to be normal but 
this was not formally tested. All data were collected and processed randomly. 
Each experiment was successfully reproduced at least three times and 
54	  
	  
performed on different days. Values of ‘‘n” (sample size) are provided in the 
figure legends. Data are expressed as mean ± SEM in bar graphs. No data 
points were excluded. Two-tailed unpaired Student’s t-test was performed for 
comparison between two groups of samples. One-way ANOVA followed by 
multiple comparison test was performed for comparisons among three or 
more groups of samples. Fisher’s exact test was used to compare the 


























The results highlighted here offer insight into a signaling pathway and 
mechanistic link between RNA repair/splicing and cytoskeletal rearrangement 
particularly of MT dynamics. This pathway starts with Rtca and Xbp1 and the 
stress response due to injury, converges on both ringer and futsch as positive 
regulators, and are regulated downstream by HDAC6 (Figures 3 and 7, Fig. 
S4). Loss of Rtca in neurons leads to an increase in ringer expression. This 
increase is both necessary and sufficient to promote axon regeneration after 
injury. We further show that HDAC6 negatively regulates ringer to suppress 
axon regeneration likely through posttranscriptional mechanisms. 
Furthermore, ringer and futsch cooperatively bind to microtubules, 
maintaining stability and dynamics, which is essential for axon regeneration.  
 
5.2 Rtca, Ringmaker and Regulation of Axon Regeneration 
	  
RBPs have been shown to be crucial in regulating complex cellular 
processes such as mRNA editing, transport and local translation (Kanai et al. 
2004; Wells 2006; Bramham and Wells 2007; Sahoo et al. 2018a; Sahoo et 
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al. 2018b). Aberrant processing of RNA is present in neuronal diseases and 
injury (Kawahara et al. 2004; Kwak and Kawahara 2005; Peng et al. 2006; 
Aizawa et al. 2010; Anthony and Gallo 2010; Kosmaczewski et al. 2015). How 
these processes are affected after nervous system trauma and their 
regulation during neural repair is poorly understood. We previously identified 
Rtca, an RNA-binding protein regulating RNA repair and splicing, as a 
potential damage sensor that inhibits axon regeneration. Rtca loss of function 
enhances axon regeneration in both fly and mammalian neurons. To better 
understand its underlying mechanism, we performed RNA-Seq to assess the 
transcriptome of Rtca mutant neurons and found that ringer transcripts were 
highly expressed. Ringer is a MAP homologous to the mammalian tubulin 
polymerization-promoting proteins (TPPPs), in particular TPPP3 or TPPP1, 
which has been shown to be a regulator of axonal microtubule organization 
by promoting microtubule polymerization, assembly and stability both in vitro 
and in vivo (Mino et al. 2016). We have revealed a connection between the 
injury-evoked RNA repair/splicing system and the MAP ringer, and propose 
that Rtca suppresses Xbp1 via non-conventional mRNA splicing, which in turn 
reduces ringer expression to inhibit axon regeneration. Furthermore, we 
provide evidence for an association between futsch and HDAC6, additional 
MAPs capable of regulating microtubule stability and post-translational 
modifications. Ringer is also inhibited by HDAC6, and it cooperates with 
futsch to relay a cellular stress signal to the microtubule network. In addition, 
our data suggest that Rtca and Xbp1 likely have additional downstream 
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effectors independent of ringer, and that futsch likely receives additional 




5.3 Ringmaker, MAPs and Microtubule Dynamics 
 
The capacity of an axon to regenerate depends on both the external 
environment and cell-intrinsic mechanisms, which ultimately converge onto 
axonal microtubules. MAPs have become popular targets for augmenting 
nerve regeneration given the importance of microtubule stability and 
polymerization in both the nascent axon and the regenerating axon’s growth 
cone. As an axon elongates, microtubules engorge the growth cone to fill it 
with microtubule mass. As the growth cone advances, microtubules bundle 
and consolidate within the nascent axon to provide structure and support. 
Ringer has been shown to be essential for proper microtubule bundling (Mino 
et al. 2016). Microtubules are inherently polarized because newly added 
tubulin dimers only assemble and disassemble at the “plus” end of the lattice, 
whereas the minus end of a microtubule is highly stabilized with special 
tubulin variants, abundant post translational modifications (e.g. acetylation of 
α-tubulin) and minus-end associating proteins (Baas et al. 2016). Therefore, a 
single microtubule can be thought of as having two general domains; a plus-
end that is labile (i.e. where dynamic instability occurs) and a minus end that 
is stable and resists depolymerization (Baas and Black 1990). Microtubule 
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stabilization prevents depolymerization and favors microtubule growth, which 
is beneficial for the axon’s growth cone to advance (Conde and Caceres 
2009). Inducing microtubule stabilization using extremely low doses of the 
drugs paclitaxel or epithilones has resulted in significant augmentation of 
nerve regeneration in vivo (Hellal et al. 2011; Ruschel and Bradke 2018). Our 
results demonstrated a loss of microtubule acetylation in whole cell lysate and 
specifically within the proximal axon of injured neurons in ringer mutants. This 
is in line with the function of ringer, which has been associated with 
microtubule polymerization and stability. Future experiments to dynamically 
track ringer proteins in accordance with microtubule polymerization during 
axon regeneration, and an extensive investigation of microtubule post-
translational modifications following axotomy are warranted. 
Futsch, a MAP1B homolog, was recently shown to associate with 
ringer (Shi et al. 2019). Together, ringer and futsch were found to regulate 
synapse formation at neuromuscular junctions via a microtubule-based 
mechanism. It can be inferred that ringer and futsch may help promote the 
formation of a growth cone rather than a retracting dystrophic end within 
injured axons, similar to its maintenance of synaptic integrity. Ringer mutation 
led to a decrease in futsch mRNAs and immunolabeling, suggesting a role in 
regulating futsch transcription, localization and protein levels. Both ringer and 
futsch mutations impaired axon regeneration, albeit futsch had a more 
dramatic effect, suggesting futsch may contribute to additional signaling 
independent of ringer. While heterozygous mutants for futsch and ringer did 
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not have a reduction in regeneration, transheterozygotes of futsch and ringer 
mutations exhibited a similar reduction in regeneration as ringer mutants 
alone. Co-immunoprecipitation experiments showed that ringer, futsch and 
tubulin physically interact and form a molecular complex, and that ringer 
facilitates futsch binding to tubulin. Epistasis analysis further demonstrated 
that overexpression of futsch failed to rescue the reduced axon regeneration 
in ringer mutants, while overexpression of ringer is sufficient to promote axon 
regeneration despite the absence of futsch. Importantly, we found that 
microtubule turnover is faster in injured versus uninjured axons, and that 
futsch LOF dysregulates microtubule dynamics, accelerating its turnover after 
injury. Taken together, our data suggest that ringer and futsch cooperate in 
the same complex with tubulin, to maintain microtubule dynamics/stability, 
and that both are critical to the ability of sensory neurons to regenerate. 
Futsch is phosphorylated by GSK3 and sustained GSK3 activity promotes 
axon regeneration and increases the pool of dynamic microtubule mass 
(Gogel et al. 2006; Gobrecht et al. 2016; Leibinger et al. 2017), which further 
leads us to speculate that futsch might be regulated by several signaling 
pathways. 
Elucidating how microtubule stability properties are altered following an 
injury and the MAPs responsible for mediating those changes may identify 
novel therapeutic targets. We found that acetylation properties were altered 
by ringer mutations and therefore we sought to explore the role HDAC6, the 
primary tubulin deacetylase, may play in instructing regeneration. HDAC6 
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knockout and pharmacological inhibition increased regeneration in C3da 
neurons, a subtype of sensory neurons incapable of regeneration in WT flies. 
Previous studies have shown that HDAC6 inhibition and deletion leads to the 
hyper-acetylation of microtubules (Haggarty et al. 2003; Zilberman et al. 
2009). Early studies found that HDAC6 was neuroprotective after a CNS 
injury and associated these findings with HDAC6’s role in transcriptional 
regulation (Rivieccio et al. 2009). However, more recent studies found that 
HDAC6 is neuroprotective in a manner that was associated with its 
deacetylation of microtubules (Li et al. 2011; Hanson et al. 2018; Prior et al. 
2018). Other studies have shown that HDAC6 is essential for healthy axonal 
transport and influences MAP-microtubule interactions (Iwata et al., 2005; 
Chen et al., 2010; Ding et al., 2008; Dompierre et al., 2007; Simoes-Pires et 
al., 2013). In our study, we show that HDAC6 LOF leads to increased protein 
levels of ringer and futsch, likely through post-transcriptional mechanisms. It 
may also be possible that HDAC6 knockout affects microtubule-binding 
kinetics and the protein localization of ringer and futsch (i.e. concentrated 
versus diffuse). Augmented regeneration following HDAC6 knockout was lost 
with a ringer mutation. These results, along with the changes observed in Ac-
Tub levels, suggest an interaction between HDAC6 and ringer, where ringer 
may function to either directly or indirectly restrict HDAC6 deacetylase activity 
with respect to α tubulin acetylation. This is likely, given that ringer has been 
shown to regulate microtubule bundling and stability, which are associated 
with highly acetylated domains of microtubules. Ringer may be essential to 
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protecting highly acetylated and stable microtubule domains from HDAC6 
deacetylation by occluding its interaction with α tubulin or directly blocking 
deacetylase activity. This would be consistent with in vitro studies suggesting 
that mammalian TPPP modulates microtubule acetylation by binding to 
HDAC6 and inhibiting its activity (Tokési et al 2010). Alternatively, HDAC6 
could inhibit TPPP nucleation by binding to TPPP and preventing its 
association to tubulin. Furthermore, HDAC6 can also physically modify 
kinases shown to negatively interrupt TPPP function such as ERK2 
(Hlavanda et al., 2007). This network hypothesis could help explain an 
underlying positive feedback loop regulating microtubule stability: increase of 
TPPP would inhibit HDAC6 leading to an enhancement of acetylated, 
potentially stable microtubule; in contrast, modification of kinases by HDAC6 
could lead to kinase activation and downstream phosphorylation of TPPP, 
limiting its microtubule binding activity. We believe that HDAC6 and ringer are 
involved in a pathway that ultimately affects the stability and dynamics of 
microtubules. Future studies will explore whether ringer and HDAC6 
expression, along with post-translational modifications of tubulin, can predict 
the regenerative potential of da sensory neurons. Even with their enhanced 
regenerative potential, C4da neurons still only exhibit about a 75% in 
regeneration. A potential future direction is to identify differences in the 
expression of MAPs and microtubule post-translational modifications in 
neurons that are unable to regenerate. Additionally, the RNA-Seq data 
provided a vast array of potential candidates to study, in terms of promoting 
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or inhibiting axon regeneration and their mechanisms, of which are current 
pursuits of the Song lab.  
 
5.4 Targeting Cellular Mechanisms to Promote Axon Regeneration 
 
The future treatments for nerve regeneration will most likely be 
combinatorial, with a need to address the extrinsic and intrinsic barriers to 
regeneration. We have identified a link between RNA repair/splicing and 
microtubule organization via a damage-evoked mechanism involving Rtca 
and ringer. We present further evidence that therapeutic targets capable of 
augmenting nerve regeneration ultimately converge on microtubules. 
Microtubules can be considered a bottleneck to regeneration and identifying 
intrinsic signaling cascades that regulate microtubule dynamics using fly 
genetics will reveal pathways critical to microtubule-mediated nerve 
regeneration. Given the complexity of MAPs and the increasing number of 
candidate proteins, utilizing our fly injury model system allows us to screen for 
promising targets that warrant an investigation into their mammalian 
homologs with in vitro and in vivo mammalian nerve injury models (Kim et al. 
2012; Matamoros et al. 2019). Excitingly, the zebrafish homolog of TPPP3 
was recently shown to promote axon regeneration in Mauthner cells and is 
regulated at the transcript level by microRNA 133b (Huang et al. 2017). This 
corroborates our findings, allowing us to propose that ringer/TPPP is tightly 
regulated and may function as a relay station at multiple levels. Moreover, 
HDAC6 was also recently shown to be inhibitory in a regeneration screen 
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performed in C. elegans (Kim et al. 2018). In summary, we identified a RNA 
repair/splicing pathway that upregulates the MAP ringer, which interacts with 
other MAPs associated with microtubule stability and tubulin post-translational 
modifications, processes that are evolutionarily conserved and promising 
























Rtca - RNA 3’-terminal phosphate cyclase. Inhibtory to axon regeneration  
Xbp1 – X Box Binding Protein 1 
PNS – Peripheral Nervous System 
CNS - Central Nervous System 
VNC – Ventral Nerve Chord 
SCI – Spinal Cord Injury 
C4da – Class IV dendritic arborization neurons 
C3da – Class III dendritic arborization neurons 
KO - Knockout 
LOF – Loss-of-function 
GOF – Gain-of-function 
MAP – Microtubule Associated Protein 
MT – Microtubules 
Tub - Tubulin 
HDAC6 – Histone Deacetylase Family Member 6 
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